INTRODUCTION
The lengths of introns in higher eukaryotic genes vary over a considerable range, with vertebrate genes having, on the average, longer introns than do invertebrate or plant genes (reviewed in [1] ). Most introns in the nematode Caenorhabditis elegans are very short: the major peak in the size distribution is at 50 nucleotides (nt) [2, 3] , approximately 20 nt shorter than the peak of the size distribution of short introns in Drosophila [1] . Some C. elegans genes contain much longer introns, with lengths up to 2081 nt (in act-4 [4] ). The 5' splice site sequences of C. elegans introns are similar to those of other eukaryotes [2, 3, 5] . The 3' splice site sequences, however, have the consensus UUUCAG [2, 3] , and are not recognized efficiently by mammalian spliceosomes in vivo [6] . Many C. elegans introns, moreover, lack a consensus YRAY (Y = C/U, R = A/G) branch-formation site [2, 3] ; C. elegans introns thus resemble higher plant introns [7, 8, 9] more than vertebrate introns.
An information-content analysis of the sequences of 139 C. elegans introns was undertaken to further characterize C. elegans splice sites. The results of this analysis are: 1) statistically significant information is encoded by at least the first 30 nt and final 20 nt of C. elegans introns; 2) the distribution of information in the 5' splice site sequences of introns shorter than 75 nt is significantly different from that in the 5' splice site sequences of introns longer than 75 nt, with long-intron 5' splice sites containing approximately one bit more information; 3) the distribution of information upstream of the 3' splice sites differs significantly between short and long introns; and 4) the 5' splice site sequence employed in fra/ir-splicing [3, 10, 11, 12] is significantly more similar to the 5' splice site sequences of short introns than to those of long introns.
DATABASE AND METHODS
A database of 139 C. elegans intron sequences was assembled from the literature, the GenBank database, and the C. elegans research community. The sources of the introns in the database are as follows: 2 each from act-1, act-2, and act-3 [13] [33] ; and 2 from wf-6(Blumenthal, T., Spieth, J., and Zucker, E., Accession # Ml 1499). Genes for structural proteins, enzymes, and developmental regulatory proteins are included in this database; some of these genes are expressed strongly and others are expressed weakly. The total number of sequenced C. elegans introns is still relatively small, however, so systematic error due to biased selection of introns cannot be entirely ruled out.
Introns with lengths less than 75 nt were classified as 'short;' those with lengths greater than 75 nt were classified as 'long.' Two sequences were analyzed for each intron: a 5' sequence extending from 20 nt upstream of the 5' splice site to 40 nt downstream of the 5' splice site (i.e. from -20 to +40, with the 5' splice site numbered +1 and the preceding nucleotide numbered -1), and a 3' sequence extending from 40 nt upstream of the 3' splice site to 20 nt downstream of the 3' splice site (i.e. from -40 to +20, with the 3' splice site numbered -1 and the following nucleotide numbered +1). These sequences were analyzed in four groups: short intron 5' sequences, short intron 3' sequences, long intron 5' sequences, and long intron 3' sequences.
The sequences in each group were aligned at the splice sites, and the information content I(n) as a function of position n in the sequence [34] was calculated for each position using a program written in C running on a Sun 3 workstation. I(n) may be expressed, in units of bits/position, as:
where F(B,n) is the observed frequency of base B in position n, and P(B,n) is the prior probability of base B in position n. The prior probabilities for the four bases are approximately equal in C. elegans exons; however, C. elegans introns are typically at least 67% A + U [2] . The prior base probabilities are not well defined at the splice sites, which form sharp boundaries between these two statistically-distinct regions. For simplicity, P(B,n) was set equal to 0.25, the value for equiprobable bases, for all sequences; the above expression then reduces to:
Using this expression for I(n), any fixed difference between the prior base probabilities-and hence any fixed difference in the baseline information content-in different regions of the sequence can be visualized as a constant offset in the values of I(n) for the different regions. Moreover, any such offset that is shared by two sequences will subtract to zero when the difference in information contents of the two sequences is calculated.
Conventional base-frequency matrices [35] were derived for the region immediately surrounding the splice site in each group of sequences. These were used to generate log-likelihood consensus matrices [36] , in which the matrix element <B,n> for base B in position n is given by ln[F(B,n)/P(B,n)], for use in quantitative sequence comparisons. P(B,n) was again taken to have the value 0.25 for all positions in generating these matrices.
RESULTS AND DISCUSSION
The length distribution of the introns in the current database is shown in Fig. 1 . Of these introns, 89/139 (64%) are shorter than 75 nt; 50/139 (36%) are longer than 75 nt. The average length of the short introns is 51.5 nt; that of the long introns is 551 nt (cf. Fig. 1 of [3] , which represents a database of 118 introns). These figures may be compared with those for Drosophila, in which 80% of introns are between 50 and 75 nt in length, with the peak at approximately 70 nt, and in which the average length of all introns is 622 nt [1] . The division of C. elegans introns into short and long length classes at 75 nt yields the greatest difference in their information distributions (see below); 75 nt also appears to be approximately the minimal intron length for efficient splicing in vertebrates [37] .
The information distributions l(n) for the 60 nt sequences containing short and long intron 5' splice sites, respectively, are compared in Fig. 2 ; corresponding base number matrices are given in Table 1 . The information contents of positions 3, 4, 5, and 6 with respect to the conserved G of the splice site differ in the two distributions by up to 20 standard deviations in sampling error. The summed information content of positions 1 -6 in the short intron distribution is 6.65 bits (with respect to a zero level of 0.00 bits); that for the long intron distribution is 7.76 bits. Positions 1 and 2 account for a total of 4 bits in each case; the additional information is encoded by positions 3-6. As the backgrounds due to unequal baseline frequencies appear to be approximately the same in the two distributions, positions 3-6 encode a total of approximately 1.1 bits more information in long introns than in short introns. The data are plotted as bars showing ± 1 standard deviation in sampling error [34] . Lines are drawn to connect the data bars in the regions from -3 to +8 covered by the base number matrices in Table 1 Positions -2 to +6 have the consensus sequence AG|GUAAGU in vertebrates [38] , and constitute the Ul snRNP binding site [38, 39] . The 5' splice site consensus sequence for The data are plotted as bars showing ± 1 standard deviation in sampling error (34] Lines are drawn to connect the data bars in the regions from -8 to +3 covered by the base number matrices in Table 2 both short and long introns in C. elegans is also AG|GUAAGU. The differences in the information contents of these sequences are due to the greater exclusion of G from positions 4 and 6, and of C from positions 5 and 6, in long introns (see Table 1 ); short introns appear to tolerate these nonconsensus nucleotides more readily. The distributions of information on either side of the splice sites display a number of more minor differences, most of which are due to differences in the positions at which C and/or G are strongly excluded. An exception to this is the peak at position -12 in the long intron distribution, which contains an R in 41/50 of the long intron sequences. The significance of the variation between the two 5' distributions beyond position 30 is unclear, as this region overlaps the 3' splice site sequence in some of the short introns. The 5' splice site of the sphced-leader RNA (SL-RNA) that serves as the donor in trans-splicing in C. elegans has the sequence AG|GUAAACAU [10] . The similarity of this 5' site to the 5' splice sites of both short and long C. elegans introns was measured using log-likelihood consensus matrices [36] derived from the base number matrices given in Table 1 . The similarity scores obtained with the two matrices were summed for all positions except 1 and 2, the positions of the conserved GU. The resulting scores are 4.51 and 1.10 for the short and long intron 5' splice recognition sequences, respectively. The 5' splice site of the SL-RNA is thus significantly more similar to the 5' splice sites of short introns, than to those of long introns. This is due primarily to the AC at positions 5 and 6 in the SL-RNA.
The information distributions for the 3' sequences are shown in Fig. 3 ; the corresponding base number matrices are given in Table 2 . The 3' splice site sequence has the consensus Y n NCAG|G in vertebrates [38] , UNYAG|G in higher plants [8] , and UUUCAG|R in C. elegans [2, 3] . The distribution of information over this sequence is virtually identical in both short and long C. elegans introns. The two distributions differ significantly, however, upstream of this sequence. The greatest variation is at position -12, which is a local information minimum in the short intron distribution, but a local information maximum in the long intron distribution. This position is a local minimum (1/50) in the frequency of G in the long introns. Positions -34 and -35 are local minima in the C+G frequency for the long introns; positions -10 and -11 are similarly local minima in the C+G frequency in the short introns. The peak at position 8 in the long intron distribution corresponds to a local maximum in the A+C frequency (38/50), and is the only significant peak downstream of the splice site.
The broad local information maximum centered at approximately position -16 in both 3' distributions corresponds to a maximum in the frequency of A in both long and short introns. All of the short introns, and all but one of the long introns have at least one A within the peak. The single exception (the intron in col-14) has As at positions -22 and -15. It has been suggested, based on the absence of YRAY consensus branch-formation sites in many C. elegans introns, that an A located in this area may serve as the branch-formation site at which U2 snRNP binds [38, 39] in C. elegans [2] . Of the short introns in the current database, 61/89 (68%) have YRAY sequences between positions -10 and -30; all place the conserved A at least 20 nt downstream of the 5' splice site. Of the long introns, 32/50 (64%) have YRAY sequences in the same range. It is unknown whether any of these sequences have a functional role in splicing; however, many of the YRAY sequences in introns of both size classes are positioned so as to place the conserved A within the peak in the A frequency (i.e. between -19 and -14 for short introns, and between -21 and -16 for long introns). This is true for 36/61 short introns and for 17/32 long introns with YRAYs.
In summary, the present analysis of the sequences of 139 C. elegans introns shows that the 5' splice sites of introns shorter than 75 nt encode significantly less information than those of introns longer than 75 nt, that short and long introns differ significantly in the A-rich region near the 3' end of the intron, and that the 5' splice site of the C. elegans SL-RNA resembles those of short C. elegans introns. The higher information content of long-intron 5' splice sites suggests that Ul snRNP must bind to such sites with a higher affinity for the splicing reaction to go to completion.
While it is unknown whether these results will generalize to other species, they raise the possibility that the sequences of 5' splice sites may be generally dependent on the length of the intron being spliced. Where this is the case, it would suggest that the kinetics of splicing may vary significantly over the very broad range of observed intron lengths. 20 Yarbrough, P , Hayden, M , Dunn, L., Vermersch, P , Klass, M , and Hecht,
